methods and results of intraoperative MEP monitoring to assess the validity and utility of this method during resection of supratentorial brain tumors.
INTRODUCTION
Neurophysiological intraoperative monitoring (IOM) is regarded as a useful tool during surgery on eloquent areas of the central nervous system. IOM provides information about physiological changes in order to increase safety and reduce postoperative morbidity 10, 12, 14) . Monitoring of motor-evoked potentials (MEPs) has gained increasing attention as a valid method for detecting and possibly averting motor deterioration during surgery for intracranial aneurysm, brain tumors, and spine in anesthetized patients 4, 5, 11) . MEP has become popular due to recent rapid advances in propofol anesthesia and train stimulation 16) . To record MEP, primary motor cortex in the frontal lobe or pyramidal tract were directly stimulated with 10 mA using subdural electrodes or high-voltage transcranial stimulation 2, 6) . Previously, we reported the clinical efficacy of intraoperative MEP recording to prevent postoperative motor deficit in patients with skull base tumors 17) . In the present study, we analyzed the motor function of each patient was assessed preoperatively, each day during the hospitalization and 3 months postoperatively by an independent neurosurgeon or physician assistance who was unaware of the intraoperative MEP findings. Motor strength of the upper and lower extremities was recorded using a reproducible scale (0/5, no movement; 1/5, trace of contraction; 2/5, movement not sustained against gravity; 3/5, movement against gravity but not against applied resistance; 4/5, movement against some degree of resistance; and 5/5, normal).
Anesthetic protocol and intra-operative nerve monitoring
Inhalational agents and neuromuscular blockade are avoided during anesthesia. After induction with propofol and rocuronium (1 mg/kg), neuroanesthesia was maintained using propofol (0.1-0.5 μg/kg/min) and a narcotic [remifentanil (50-120 μg/ kg/min)]. MEPs were monitored (Eclipse Neurological Workstation, Axon Systems Inc., New York, NY, USA) in all patients by a trained electrophysiologic team. A constant voltage stimulator was used for transcranial electrical stimulation performed through a pair of spiral scalp electrodes using 3-5 pulses of 200-400 V with an interstimulus interval of 1-3 milliseconds. Each pulse was 50 microseconds in duration. Muscle responses were recorded by subdermal needle electrodes placed in or over the following muscle groups bilaterally : flexor carpi radialis and flexor carpi ulnaris (arm); thenar and hypothenar muscles (hand); tibialis anterior (leg); medial gastrocnemius (leg); and abductor hallucis and abductor digiti minimi (foot). Recordings were considered stable when spontaneous fluctuation in amplitude was <50%, and 10% in latency. Compared to preceding averaged recordings, consistent decreases in amplitude and increases in latency exceeding these limits were considered to signal significant deterioration. Complete disappearance of motor response was classified as loss 13) . All significant MEP changes, in- cluding recovery after impairment or loss, were reported to the surgeon or documented as excluded for technical reasons (e.g., displacement of the stimulating electrode).
RESULTS
Preoperative motor scores of the contralateral extremities were 5/5 in 76 patients, 4/5 in 6, and 2-3/5 in 2, respectively. Involved lesions were precentral gyrus in 6 patients, supplementary motor area in 10, postcentral gyrus in 4, precentral/postcentral gyrus in 4, and insular in 7, respectively. MEP monitoring was performed in all patients with supratentorial brain tumors. MEP recordings were stable in amplitude during surgery in 77 patients (91.7%). No postoperative motor deficit was found in 66 out of 77 patients with stable MEP. However, postoperative paresis developed in 11 patients, of whom eight and three presented with transient and permanent deficits, respectively (Fig. 1) . These false negative findings were associated with edema in peri-resectional regions, and postoperative bleeding into the tumor bed (Table 2) . MEP decrease in amplitude (>50%) occurred in seven patients (8.3%). However, no deficit occurred postoperatively in four patients following preventive management during surgery (Table 3) . The other three patients had permanent paresis, which could have been due to vascular injury during tumor resection. In our series, with a 50% reduction in amplitude as the threshold for motor palsy, the sensitivity and specificity were 21.4% and 94.3%, respectively. No specific complications related to MEP monitoring were observed. Neither inflammation nor burns caused by electrical stimulation were observed during the postoperative course.
Illustrated cases
Case 1 (No. 9 in Table 1) A 73-year-old woman presented with one episode of seizure. Preoperative MR image showed a well-enhanced mass involving the right frontal lobe (Fig. 2A) . A craniotomy was performed. MEP change did not occur during the procedure (Fig. 2B) . Postoperatively, dense paresis appeared in her left upper and lower limbs. Postoperative CT scan revealed acute hematoma in the right frontal lobe (Fig. 2C) . We suggested this was likely caused by bleeding from remnant tumor. Final pathology was consistent with anaplastic astrocytoma.
Case 2 (No. 1 in Table 2) A 52-year-old woman presented with headache. Preoperative MR image showed an extra-axial mass located posterior to the left central sulcus (Fig. 3A) . Tumor dissection was started from the posterior margin of the tumor. MEP deterioration developed during tumor dissection around the postcentral gyrus and draining veins. MEP amplitude recovered following discontinuation of the dissection (Fig. 3B) . Simpson grade II resection of parasagittal meningioma was achieved. Postoperatively, the patient's motor status was preserved.
Case 3
A 48-year-old woman presented with headache and speech disturbance. Preoperative MR image showed an extra-axial mass in the left frontotemporal region (Fig. 4A) . MEP loss developed after coagulation of feeding arteries (Fig. 4B) . MEP did not recover until completion of the surgery (Fig. 4C) . Right side hemiparesis developed postoperatively. 
DISCUSSION
We performed intraoperative MEP monitoring during resection of supratentorial brain tumors to predict and prevent motor paresis in 84 patients. Motor deterioration following intraoperative management was prevented in four patients due to timely MEP warning. Three patients developed permanent motor deterioration even though MEP decrease in amplitude (>50% of the baseline level) was detected and responded to during surgery. False negative warnings occurred in 11 patients.
During spinal operations, the sensitivity and specificity of transcranial MEP monitoring with a 50% reduction in amplitude as the threshold for motor palsy were 100% and 89.3%, respectively. During aneurismal operations, the sensitivity and specificity were 100% and 83%, respectively. On the other hand, the sensitivity and specificity of transcranial MEP monitoring for brain tumor operations were 75% and 77.8%, respectively 18) . Transcranial MEP is so sensitive in spinal surgery that subclinical transient motor deficits can be detected. It is well known that acute decompression causes hyperemia in the spinal cord, and it is a major reason for false positives in spinal surgery 15) . Deep white matter stimulation by transcranial stimulation seems to be one of the reasons why false negatives have happened more in patients undergoing brain rather than spinal surgeries. Sensitivity for aneurysm surgery is higher than that for brain tumor surgery, because vascular compromise directly affects the corticospinal tract 7) . In our series, vascular insults occurring during tumor resection were accompanied by a deteriorated MEP wave, and were strongly associated with permanent motor paresis. When deteriorated MEP was allowed to recover after relieving brain retraction, blood pressure restoration, and the discontinuation of tumor dissection, prevention of motor deterioration was achieved.
There is little consensus regarding evaluation of amplitude change and alarm point in transcranial MEP monitoring 8) . We previously suggested a 50% reduction in amplitude predicted subsequent occurrence of motor deterioration 17) . Kombos et al. 9) reported an 80% reduction in amplitude during direct cortical MEP monitoring was a sufficient threshold for predicting postoperative motor palsy 10) . However, an 80% amplitude reduction in transcranial MEP waves has been associated with irreversible motor palsy for various neurosurgical operations 18) . A false-negative signal is clinically more important than a false-positive. It is more important to decrease false negatives during intraoperative monitoring. However, falsenegatives during MEP monitoring with a 50% reduction in amplitude as the cutoff occurred in 11 patients who underwent brain tumor surgery. Postoperative perilesional edema and bleeding were also associated with falsenegatives in seven and four patients, respectively. Another study showed not only cortical or subcortical structural damage to eloquent brain tissue, but also peri-or postoperative ischemic lesions play crucial roles in the development of glioma surgeryrelated motor deficits 3) . This means intraoperative MEP monitoring could fail to predict motor deterioration caused by postoperative brain tumor resectional changes 2) . According to an international survey involving more than 100 neurosurgeons from 16 countries on the availability and importance of IOM, neurosurgeons with IOM experience of >5 years stated IOM had less influence on the course of their surgeries than did surgeons with less experience with this tool 1) . IOM information helped young neurosurgeons learn which step of a surgery caused an injury, and helped them refine their surgical procedures 19) . Even though we are able to detect motor deterioration with IOM, the key point is how to avoid these events. A meticulous surgical technique tailored to the vascular architecture at risk is the mainstay of a safe resection, whether cortical arteries and draining veins or subcortical perforating arteries are involved. When MEP amplitude declines, strategies to enhance critical perfusion must be applied, including a tem- . Furthermore, the patient's blood pressure may be increased to improve blood flow. Good cooperation between the surgeon, IOM team, and anesthesiologist is of fundamental importance.
CONCLUSION
This study showed that MEP monitoring could predict postoperative motor palsy in supratentorial tumor surgery. However, false negative MEP results which were associated with postoperative events, such as perilesional edema or tumor bed bleeding, were seen in some patients. We agree that IOM, including MEP monitoring, will be increasingly important in the future.
